Introduction
Btk family tyrosine kinases represent a newly emerging group of non-receptor tyrosine kinases, which include Btk/Atk Vetrie et al., 1993) , Tec (Sato et al., 1994a) , Itk/Emt/Tsk (Siliciano et al., 1992) and Bmx/Etk (Qiu et al., 1998b; Tamagnone et al., 1994) (Figure 1 ). The de®ning feature of these kinases is the presence of a PH (pleckstrin homology) domain at their N-terminus. Btk has a restricted expression in a subset of B cells and in myeloid cells. It is involved in signaling by B-cell antigen receptor, mast cell FceR, IL5 receptor and IL6 receptor (Aoki et al., 1994; de Weers et al., 1994; Kawakami et al., 1994; Matsuda et al., 1995; Sato et al., 1994a,b) . Naturally occurring mutations of Btk were initially identi®ed in human immunode®ciency disease, X-linked agammaglobulinemia (XLA) (Vihinen et al., 1997a) and murine X-linked immunode®ciency (Xid) (Vihinen et al., 1995) . The XLA phenotype includes the lack of mature circulating B cells and immunoglobulins. Itk, expressed primarily in a subset of T cells, plays an essential role in T-cell development and proliferation (Liao and Littman, 1995) . It transmits signals emanating from the T-cell antigen receptor and mast FceR (August et al., 1994; Gibson et al., 1996) . Itk knock-out mice lack mature thymocytes and are defective in T-cell receptor signaling. Tec was originally discovered in hepatocarcinoma cells, but was subsequently found to be expressed abundantly in hematopoietic cells (Mano et al., 1993) . Tec responds to a variety of stimuli including IL3, IL6 and SCF Matsuda et al., 1995; Tang et al., 1994) . Bmx/Etk cDNA clones were originally identi®ed in a bone marrow library (Tamagnone et al., 1994) and subsequently in prostate cancer cells (Qiu et al., 1998b; Robinson et al., 1996) . Etk/ Bmx is required for IL6-induced neuroendocrine dierentiation of prostate cancer cells and transformatioan of ®broblasts and epithelial cells induced by Src (Qiu et al., 1998b; Tsai et al., 2000) . It is also induced by IL3 and GM-CSF in mast cell lines (Ekman et al., 2000) . Our recent ®ndings suggest that Etk/BMX may also be involved in regulation of cell motility (Chen et al., submitted) . Aside from and perhaps related to the various physiological and pathological processes they are involved, Btk family of kinases appear to be major regulators of apoptosis (Uckun et al., 1996; Uckun, 1998; Xue, 1999 ). This will be elaborated further in this review.
The versatile roles of Btk kinases are re¯ected by their protein ± protein and lipid ± protein interaction modular structures. In addition to the N-terminal Pleckstrin homology (PH) domain and the C-terminal kinase domain (SH1), Src Homology domain 1, there are a Src Homology 3 (SH3) domain and a Src Homology 2 (SH2) domain. Between their PH domains and SH3 domains, there exist the Tec Homology (TH) domains, which contain several SH3-binding, prolinerich sequences (PXPPXP) shared by this kinase family, with the exception of Etk/Bmx. These protein modules recognize and bind to a variety of cellular factors to form signal complexes. In addition, the presence of PXXP motif and the SH3 domain establishes an intramolecular interaction which folds the Btk family kinases in a`closed' form and subject the kinases to regulation by stimuli which activate molecules or ligands that disrupt this interaction. This is important, as the Btk family kinases, unlike-Src family kinases, do not have a C-terminal tyrosine residue (Y530 in human c-Src), whose phosphorylation and interaction with the Oncogene (2000) 19, 5651 ± 5661 ã 2000 Macmillan Publishers Ltd All rights reserved 0950 ± 9232/00 $15.00 www.nature.com/onc *Correspondence: H-J Kung internal SH2 domain control the kinase activity of the Src kinases. In this review, we will ®rst summarize the structure of these modules and the signaling molecules that have been identi®ed to associate with each protein module of Btk family kinases, as well as their potential roles in signaling transduced by Btk family kinases. This will be followed by a discussion and to some extent, speculation on the signal pathways whereby the Btk family kinases are activated by upstream activators and transmit signals to the downstream eectors. The overall biological consequences of these signal pathways will be discussed. Due to the vast literature on this subject, it is dicult to be inclusive for subject matters as well as citations. Readers are referred to several excellent reviews on the related subjects of Btk family kinases (Mano, 1999; Rawlings and Witte, 1995; Vihinen et al., 1997) .
The structure and interacting partners of Btk family kinases

PH domain and TH domain
Btk family kinases are thus far the only tyrosine kinase family, which contains a PH domain. The PH domain was originally identi®ed as an internal repeat in pleckstrin and later found in a wide variety of signaling molecules ranging from protein kinases, phospholipases, GTPases to adaptor proteins as well as cytoskeleton proteins (Rebecchi and Scarlata, 1998) . The mutations in PH domain of Btk have been shown to associate with XLA suggesting the important role of PH domain in regulation of Btk kinase activity Thomas et al., 1993) . Although the exact function of the PH domain has yet to be elucidated, accumulating evidence suggests that PH domains are multifunctional signaling modules which are able to bind to phospholipids as well as many protein partners including heterotrimeric G-proteins, PKC isoforms, Stat 3, F-actin, Fas and FAK (see below). The interaction between PH domains with various signaling molecules is likely transient and dynamic in the process of signal transduction.
Interaction with phosphoinositides
Phosphoinositides were recognized previously as precursors for second messengers involved in cell surface receptor-coupled signaling transduction pathways.
With the discovery of PI3K and other phosphoinosiside kinases, the role of phospholipids as signaling molecules is now well established. Several groups investigated the binding ability to phosphoinositides by Btk PH domain (Fukuda et al., 1996; Kojima et al., 1997; Rameh et al., 1997; Salim et al., 1996) . The results from these studies on the speci®city and anity to various phospholipids are somewhat contradictory possibly due to the dierent experimental approaches and conditions. However, Rameh et al. (1997) showed that several PH domains, including Btk PH domain, bind with relatively higher anity to the lipid products of PI3-kinase such as PtdIns-3,4,5-P3 in vitro than to PtdIns-4-P and PtdIns-4,5-P2, which are constitutively produced in cells. This selectivity is diminished by the xid mutation (R28C) in Btk, indicating that phosphoinositide binding to the PH domain is of physiological relevance. The interaction between the PH domains and phospholipids is thought to play a role in membrane recruitment of these kinases in response to extracellular stimuli. This is consistent with the reports that several Btk kinases are activated by PI3-kinase (August et al., 1997; Li et al., 1997a; Qiu et al., 1998b) and that Btk becomes membrane localized when PTEN a lipid phosphatase which counteracts PI3K is defective Shan et al., 2000) .
Interaction with heterotrimeric G-protein subunits
Heterotrimeric G proteins play critical roles in signal transduction initiated by hormones, neurotransmitters and various biologically active molecules. The PH-TH domain of Btk has been shown to bind to bg, Gaq and Ga12 subunit of heterotrimeric G-proteins (LanghansRajasekaran et al., 1995; Bence et al., 1997; Touhara et al., 1994; Tsukada et al., 1994) and the association results in elevation of kinase activity (Jiang et al., 1998; Langhans-Rajasekaran et al., 1995; Ma and Huang, 1998) . In addition, Tec and Bmx/Etk are also regulated by Ga12/13. Kinase-dead Bmx/Etk is shown to inhibit Ga12-and Ga13-induced activation of serum response factor (SRF) (Mao et al., 1998) . Furthermore, overexpression of Tec in NIH3T3 cells resulted in increases of actin polymerization and formation of stress ®bers as well as translocation of RhoA to particulate fractions, suggesting a role of Btk kinases in regulation of Rho GTPases (Mao et al., 1998) . These observations indicate the important role of Btk family kinases in signal transduction induced by G proteins.
Interaction with F-actin
The actin cytoskeleton plays an essential role in a variety of cellular processes including cell division, cell shape, motility, chemotaxis, etc. Btk is shown to colocalize with actin ®bers upon stimulation of mast cell by high anity IgE receptor in a PH domain dependent manner (Yao et al., 1999) . The F-actin (but not G-actin) binding site has been mapped to the basic residues of a 10-amino-acid stretch of the N-terminal region of Btk. This region is highly conserved among all members of the Btk family, and F-actin binding is likely a common property for all members. The PH domain of Btk has been shown to promote actin ®lament bundle formation in vitro (Yao et al., 1999) . Recent observations from our laboratory indicate that 
Interaction with PKC isoforms
PKC is a family of serine/threonine kinases that play essential roles in a variety of biological processes, such as proliferation, dierentiation and development. Several PKC isoforms have been found to associate with Btk kinases and modulate their kinase activity (Kawakami et al., 1995; Saharinen et al., 1997; , which is consistent with the observations of similar phenotypes between PKC b knockout mice and the Btk knockout mice (Leitges et al., 1996) . Btk and PKC bI may form a negative feedback loop in BCR-mediated signaling: Btk phosphorylates and activates PKC bI and the activated PKC bI, in turn, phosphorylates Btk and downregulates Btk activity. This negative feedback loop may be involved in maintaining the dynamic homeostasis of Btk activity in the signaling network. Another novel PKC isoform, PKCd, is shown to inhibit STATs activation by Bmx/Etk, possibly through PKC-mediated protein tyrosine phosphotase(s) such as SHP-1 (Saharinen et al., 1997) . These data suggest that PKC isoforms may downregulate Btk family kinases through distinct mechanisms.
Interaction with BP-135/TFII-I
BAP-135 was identi®ed as a 135 kD tyrosine phosphorylated protein associated with Btk in RAMOS cells treated with pervanadate (Yang and Desiderio, 1997) . BAP135 was later found to be identical to a ubiquitously expressed multifunctional transcription factor TFII-I (Grueneberg et al., 1997) , which is deleted in Williams-Beuren syndrome (Perez Jurado et al., 1998) . TFII-I is constitutively associated with Btk in resting B cells but dissociates from Btk upon anti-Ig antibody stimulation, which is accompanied by an increase of TFII-I in the nucleus. In the Xid B cells, which carry a point mutation (R28C) in the PH domain of Btk, TFII-I no longer associates with Btk and increased level of TFII-I is accumulated in the nucleus. These data suggest that Btk may play a role in regulation of nuclear export or import of TFII-I. BAP-135/TFII-I is also a substrate of Btk in vivo and phosphorylation of TFII-I by Btk enhances its transcriptional activity (Novina et al., 1998) . Since TFII-I is a ubiquitous transcription factor present in all cell types, it is possibly also regulated by other members of Btk family kinases. Saharinen et al. (1997) ®rst reported that Bmx/Etk is a potent activator of STAT1, 3, and 5 in Cos1 cells. The level of STATs activation induced by Bmx/Etk is higher than that by Src family kinases. Recent reports con®rm this data and extend to epithelial cells as well as ®broblasts (Tsai et al., 2000) . These authors showed that STAT1, 3 and 5 are tyrosine phosphorylated by Bmx/Etk and at least for STAT3, there is a direct association of the molecule with the PH domain of the Bmx/Etk. Importantly, this activation is independent of JAK's, a common activator of STATs and provides an additional activation source for STATs. Furthermore, Src is known to activate STAT3 and Srcmediated cellular transformation requires STATs activation (Bromberg et al., 1998; Cao et al., 1996; Turkson et al., 1998 ); yet the detailed mechanisms whereby Src activates STAT3 was unclear. Recent studies implicate two pathways: ®rst, Src activates p38/ MAPK which, in turn, induces serine phosphorylation on STAT3 and activates STAT3 (Turkson et al., 1999) ; and the second, Src activates Bmx/Etk by phosphorylating Bmx/Etk at tyrosine 566, which then interacts with STAT3, tyrosine-phosphorylating STAT3 and activates STAT3 (Tsai et al., 2000) . Since the sites of phosphorylation by these two pathways are distinct, it is conceivable that these two pathways may synergize with each other. In a separate study by Wen et al. (1999) , a constitutively active Bmx/Etk is shown to be able to activate STAT1, 3 and 5 with rapid kinetics, again suggesting that the activation of STATs by Bmx/ Etk is direct. STATs are transcriptional factors that modulate the transcription of Cyclin D, p21 and p27 and aect the growth and apoptosis behaviors of the cells. This could be one way how Btk family kinases regulate apoptosis.
Interaction with STATs
Interaction with FAK
Focal Adhesion Kinase (FAK) is one of the key mediators of integrin signaling events which control the cellular responses to extracellular matrix, such as survival, migration and proliferation. Recent evidence suggests that, in both endothelial and epithelial cells, Etk/Bmx is regulated by FAK in response to extracellular matrix proteins. We also observed the colocalization of Etk and FAK at membrane rues where the F-actins are enriched. These data are consistent with the observations from others that Btk kinases are involved in integrin signaling and regulation of GTPases and actin bundle formation (Mao et al., 1998; Nore et al., 2000; Yao et al., 1999) . The interaction between Etk and FAK is shown to depend on PH domain of Etk and FERM domain of FAK (Chen et al., submitted). It is likely that this interaction could be important for Etk activation by extracellular matrix. The role of Etk in integrin signaling remains to be investigated.
Interaction with Fas
Fas is a member of tumor necrosis factor (TNF) receptor family and one of the major regulators of apoptosis in various cell types. Recently, it was shown that Btk constitutively associates with Fas in wild-type DT-40 lymphoma B-cells and human B-cell precursor leukemia cell line NALM-6-UMI and functions as a negative regulator of Fas-mediated apoptosis (Vassilev et al., 1999) . The interaction between Btk and Fas is independent on Fas ligation and involved in both the PH domain and the kinase domain of Btk. This interaction is shown to disrupt the association of FADD with Fas, which may provide a mechanism by which Btk prevents apoptosis in these cells.
Interaction with PTPD1
PTPD1 is a tyrosine phosphatase containing an ezrin domain. It was originally identi®ed as a substrate for Src (Moller et al., 1994) . PTPD1 was found to associate with the PH domain of Etk/Bmx (Jui et al., 2001) . This interaction leads to activation of Etk/Bmx with concomitant tyrosine phosphorylation of PTPD1. How and whether the phosphorylation of PTPD1 aects its phosphatase activity is unclear, although Etk/Bmx does not seem to be de-phosphorylated. Thus the regulatory eect of PTPD1 on Etk/Bmx is not through its enzyme activity, but rather on PTPD1's ability to bind and disrupt the intramolecular folding of Etk/Bmx. That this interaction is functional is shown by the observation that the PTPD1 induces the activation of STAT3 by Etk/Bmx.
SH3 domain
SH3 domains are protein modules that recognize proline-rich motifs present in many proteins. Mutations in the SH3 domains of several proto-oncogenes such as c-Src and c-Abl increase their transforming potential, suggesting SH3 domains may down-regulate their kinase activity. Mutation of Y233 or deletion of SH3 domain increases the transforming potential of Btk mutant (E41K) without aecting its kinase activity directly, suggesting that the SH3 domain regulates Btk function through binding to regulatory proteins or internal folding .
Interaction with CD28
T cell activation requires both interaction of the TCR with antigen bound to MHC molecules and costimulatory signals initiated by adhesion molecules such as CD28. Tec SH3 domain is shown to bind to the prolinerich motifs in CD28 upon CD28 ligation in T cells and involved in transcriptional regulation of cytokines and phosphorylation of p62 Dok in response to CD28 activation . A kinase-dead Tec can suppress interleukin-2 expression while a similar Itk mutant does not. These data indicate the speci®c interaction between Tec SH3 domain and CD28 and distinct roles of Tec and Itk in T cell activation.
Interaction with c-Cbl
Cbl is a 120-kD proto-oncogene product which contains multiple proline-rich stretches and several potential phosphotyrosine-containing motifs. Cbl is rapidly tyrosine-phosphorylated in response to a variety of stimuli and becomes associated with a number of intracellular signaling molecules such as protein tyrosine kinases, phosphatidylinositol 3-kinase, Crk, and 14-3-3 proteins through dierent protein-interacting modules, leading to the formation of multi-component signaling complexes. Several groups have identi®ed p120 c-Cbl as a ligand for the SH3 domain of Btk kinases in vitro (Bunnell et al., 1996; Cory et al., 1995) , however, the in vivo relevance of these ®ndings remains to be established. The interaction between Itk SH3 domain and Cbl seems to be transient and is only detected within 30 min upon stimulation in Jurkat cells, while Src SH3 domain binds to Cbl constitutively. These data suggest that these two kinases may bind to distinct proline-rich sequences in Cbl and the accessibility of these sites may be modulated by modi®cations of the surrounding residues, such as phosphorylation or ubiquitination. (Bunnell et al., 1996; Cory et al., 1996) ; the physiological relevance of this interaction will need to be further investigated.
Interaction with Syk/ZAP-70
Syk/ZAP-70 family kinases contain two SH2 domains and are expressed in the cells of immune system (Turner et al., 2000) . Loss of Syk expression results in profound hematopoietic defects (Cheng et al., 1995; Turner et al., 1995) . Along with Src family kinases and Btk family kinases, Syk and ZAP-70 have been shown to interact with ITAMs (Immunoreceptor tyrosinebased activation motifs) located in the cytoplasmic domains of immune receptors. Syk preferentially binds to phosphorylated SH3 domains of Btk and Itk via its SH2 domain (Morrogh et al., 1999) . This interaction is thought to be important for PKCBI activation . The major autophosphorylation site of Btk (Y233) is located in its SH3 domain . It is interesting that phosphorylation of Y233 alters the binding speci®city for its protein partners (Morrogh et al., 1999; Park et al., 1996) . The Btk SH3 domain binds to c-Cbl constitutively regardless of the phosphorylation status of Y233. However, phosphorylation of Y233 signi®cantly diminishes the binding of WASP. On the other hand, Syk preferentially interacts with phosphorylated SH3 domain (Morrogh et al., 1999) . These observations indicate the important roles of the SH3 domains in regulation of Btk kinases.
Interaction with Sab
Sab, a negative regulator of Btk activity, was identi®ed by using a Far Western cloning strategy. Sab is speci®cally associated with Btk SH3 domain but not with Src family kinases. Association between Sab and Btk results in the inhibition of Btk activity and dramatically reduces both early and late BCR-mediated events including calcium mobilization, IP3 production and programmed cell death (Yamadori et al., 1999) .
SH2 domain
SH2 domains recognize phosphotyrosine containing peptides and proteins. Mutations in the SH2 domain of Btk are associated with impaired B cell function and may cause the XLA immunode®ciency in humans, possibly due to disruption of phosphotyrosine binding sites (Vihinen et al., 1999) . Several proteins have been shown to interact with the SH2 domains of Btk kinases and to modulate their functions. The SH2 domain of Btk is shown to be required for the activation of PLCg2 in DT40 cells , although Btk has not been shown to bind to PLCg directly.
Interaction with SLPs/BLNK
SLP (SH2 domain-containing leukocyte protein) adaptors SLP-65/BLNK/BASH and SLP-76 are tyrosine phosphorylated by Syk or ZAP-70 in activated B and T lymphocytes. Tyrosine phosphorylation of SLP adapters allows the SH2-mediated recruitment of PLCg and Btk kinases and brings PLCg to the vicinity of Btk kinases and leads to phosphorylation and activation of phospholipase C by these kinases (Su et al., 1999) .
Interaction with Dok-1
Dok-1 or p62Dok is a 62 kd protein ®rst identi®ed as a molecule associated with rasGAP (Ellis et al., 1990) and as such may be involved in the regulation of ras signaling. This protein was recently shown to be associated with Tec (but not Btk or Itk) and is a substrate of Tec (Yoshida et al., 2000) . Indeed, the tyrosine phosphorylation of Dok-1 by Tec, enables Dok-1 to bind the SH2 domain of Tec, which in turn hyperphosphorylates Dok-1. The authors speculated that in addition to its function in regulating ras, the multiple phosphotyrosine residues on Dok-1 might allow Tec to transmit other signals.
Interaction with vav
Vav is a guanine nucleotide exchange factor for rac, cdc42 and rho family of G proteins, involved in cell migration, spreading and membrane ruing. By yeast two-hybrid system, it was found that Tec could complex with vav through its SH2 domain, and was likely the kinase that phosphorylates vav upon gp130 stimulation (Takahashi-Tezuka et al., 1997). Machide et al. (1995) reported the interaction between vav and Tec TH-domain, suggesting that there may be multiple contacts between these two molecules. This interaction would be one way how Btk family kinases exerts its eect on Rho and cytoskeletal reorganization.
Kinase domain
The kinase or catalytic domains of Btk family kinases are highly conserved, sharing about 70% similarity (Qiu et al., 1998b) . Phosphorylation of a highly conserved tyrosine residue (Y551 of Btk and Y566 of Etk) by the Src family kinases has been shown to be required for activation of these kinases in vivo Tsai et al., 2000) . Several groups used the yeast two-hybrid system to search for potential substrates and regulatory proteins by using kinase-inactive catalytic domains of Btk kinases as baits.
Interaction with BRDG1
BRDG1 (BCR downstream signaling 1), a docking protein containing a PH domain and proline-rich motifs, was identi®ed as a binding protein for the kinase domain of Tec by yeast two-hybrid system (Ohya et al., 1999) . It was shown that BRDG1 is an in vivo substrate of Tec but not Btk or Etk/Bmx, indicating it is a speci®c substrate for Tec. Coexpression of BRDG1 enhances Tec activity. The TH domain of Tec is required for this regulation. The TH domain of Itk has been shown to interact with its own SH3 domain and keep the kinase in a`close' conformation (Andreotti et al., 1997) . Such an interaction may be also present in Tec. Thus, BRDG1 may activate Tec by disrupting the intramolecular interaction. BRDG1 is speci®c for regulation of Tec. It is likely that other BRDG1-like molecules may regulate other members of Btk family kinases.
Interaction with Grb10/GrbIR
Grb10/GrbIR, an adaptor molecule containing a PH domain and an SH2 domain, was shown to interact with kinase domain of Tec by yeast two-hybrid screening . Grb10 is known to bind receptor tyrosine kinases in a ligand-dependent manner, but not to be phosphorylated on tyrosine residues. However, Grb10 becomes profoundly tyrosine-phosphorylated by Tec but not by Syk, Jak2 or insulin receptor in co-transfection in 293 cells. Co-expression of Grb10 suppresses the cytokine-driven and Tecdriven activation of the c-fos promoter. It is possible that tyrosine phosphorylated Grb10 may recruit some SH2 domain containing inhibitory proteins such as phosphotase SHP-1 to the vicinity of kinase domain of Tec which, in turn, dephosphorylates Tec and downregulates its kinase activity. Thus, Grb10 may serve as a negative feedback regulator in Tec mediated signaling.
Interaction with PI3K
In a yeast two-hybrid screen, Tec was found to associate with the SH2 domain of p85b subunit of PI3K as well as that of the p55PIK subunit (Takahashi-Tezuka et al., 1997) . These interactions depend on the autokinase activity of Tec and presumably the phosphotyrosine residue(s) on the Tec molecule. As such, it is understandable that the kinase domain is required for this interaction in yeast cells where the endogenous tyrosine kinase activity is undetectable. The contact site between Tec and PI3K subunit may be somewhere else on the molecule, such as the SH2 or SH3 region. The implication of this ®nding is that PI3Kb, which is an upstream activator of Btk family of kinases, can also be a downstream substrate, and Btk can activate PI3K pathway. Critical to this hypothesis is the demonstration of increased activity of PI3K after association with Tec, which has yet to be provided.
The functions and signal transductions of the Btk family kinases
Upstream activators
As the Btk family kinases contain several protein ± protein interaction modules and interact with a multitude of signal molecules, it is not surprising, that they participate in multiple signal pathways and integrate signals emanating from virtually all types of cell surface receptors, including antigen receptors, cytokine receptors, growth factor receptors and G-protein coupled receptors.
The Btk family kinases were originally recognized for their requirement in the signaling by T-cell receptor. B-cell receptor and mast cell receptor (FceRI) (Aoki et al., 1994; Gibson et al., 1996; Hata et al., 1998; Heyeck et al., 1997; Kawakami et al., 1994; Liao and Littman, 1995; Rawlings et al., 1993; Thomas et al., 1993; Tsukada et al., 1993; Vetrie et al., 1993) . These receptors themselves are not tyrosine kinases, but invariably activate Src family kinases as well as Syk family kinases. The Btk family of kinases is found to be directly phosphorylated and activated by Src Tsai et al., 2000) . Syk, which do not directly participate in the phosphorylation of Btk, apparently plays a crucial role in Btk's activation, since in Syk-cells, the Btk activity is drastically reduced, despite the presence of normal active Lyn kinase, a Src-family kinase . As described above, Btk activation also requires PI3K signal. The activation of PI3K is thought to be provided by Lyn kinase which directly associates with the p85 subunit of PI3K and at least in vitro it activates the activity of PI3K (Pleiman et al., 1994; Yamanashi et al., 1992) . This hypothesis has recently been challenged by at least two reports which showed that Syk, but not Lyn is required for PI3K activation, using DT-40 chicken B-lymphoma cell lines carrying null alleles of Syk, Btk or Lyn as a model (Beitz et al., 1999; Craxton et al., 1999) . Irrespective of the details, participation of Src family kinase, Syk family kinase and PI3K in concert to activate BTK family kinases, upon antigen stimulation, has been solidly documented.
Among the cytokines that activate Btk family kinases are IL2, IL3, IL6, GCSF and erythropoietin and the list is likely to grow. Although some of these receptors engage the Src family kinases, a common signal transducer of these receptors are Jak family of kinases, Jak1, Jak2 or Tyk2 (Ihle and Kerr, 1995) . IL6 was shown to activate Btk and Tec in B-lymphocytes and hepatocytes respectively. The activated IL6 receptors form stable complexes with Btk and Tec via Jak family kinases. It was further shown that this association leads to direct phosphorylation of Btk by Jak1 (Takahashi-Tezuka et al., 1997) . By contrast, in prostate epithelial cells, Etk/Bmx is not directly associated with gp130, but it is strongly activated by IL6 via PI3K (Qiu et al., 1998b) and presumably Tyk2. It is interesting that in prostate epithelial cell line LNCaP, IL6 also engages erbB2 and erbB3, which is a potent activator of PI3K (Qiu et al., 1998a) . This perhaps explains why in this cell line, IL6 treatment induces a robust activation of Bmx/Etk. The activation of Btk and Bmx/Etk by IL3 and GM-CSF in mast cells have been demonstrated and both involve the activation by PI3K (Ekman et al., 2000) . Likewise, the activation of Itk and Tec by IL2 also involves PI3K (August et al., 1997) . It thus seems that PI3K is a common activator of BTK family of kinases.
The activation of Btk family of kinases by G-protein coupled receptor has been identi®ed primarily in cases involving Gaq and the related Ga12/13. In both cases, evidence for direct activation of Btk family kinases by these proteins was provided by in vitro experiments. Direct association of Gaq and Btk has also been shown. As described above, the interaction takes place at the TH domain, which likely serves to unfold the molecule. There is also a report describing that Gbg associates directly with Btk (Langhans- Rajasekaran et al., 1995) . The recent work of Gu et al., (2000) showed that Gas and Gai protein directly activates Src-family proteins, the possibility exists that G proteins other than Gaq and Ga12 may also activate Btk family kinases.
As most of the Btk family Ga12 kinases are expressed in hematopoietic cells, considerably less is known about their activation by growth factor receptors as compared to cytokine receptors. Limited data however suggest that growth factors can also induce the activation of this family of kinases. For instance, SCF (ligand for c-kit receptor) is capable of activating Tec (Tang et al., 1994) and EGF, TGFa (ligand for EGF receptor), HRG (ligand for erbB3 and erbB4) (Qiu unpublished work) and VEGF (ligand for VGEFR) (Alitalo personal communication) are shown to activate Etk/Bmx. This is perhaps not surprising, as all these receptors are capable of activating PI3K, and some of them also activate Src-like kinases. While all these growth factor receptors have intrinsic tyrosine kinase activity, their activation of Btk family kinases may depend on the availability of Src-like kinases, which may explain why the activation is cell type dependent.
In summary, our current understanding on activation of Btk family kinases ®ts in a two-step model (Figure 2 ). In the ®rst step, it requires a signal to disrupt the intramolecular interaction between the SH3 domain and proline-rich region of these kinases. This could be achieved by binding of the PH domains of these kinases to phosphoinositides, bg subunits of G proteins or the FERM domain of FAK. These interactions will lead to conformational change of the PH domain and allow these kinases to translocate to cytoplasmic membrane where the Src family kinases are located. Subsequently, the highly conserved tyrosine residue (equivalent to Src Y416) in the catalytical domain is transphosphorylated by Src kinases. This tyrosine phosphorylation induces the autokinase activity, which then phosphorylates a tyrosine residue in the SH3 domain to further prevent the intramolecular folding due to the interaction between the proline-rich motif in the TH domain and the SH3 domain. The above activation model has gained support by the following observations. First, in a cell type that lacks PTEN, a lipid phosphatase which counteracts PI3K, Itk is constitutively localized on the plasma membrane and hypersensitive to T cell receptor activation (Shan et al., 2000) . Second, the attachment of a myristylation site or the extracellular and transmembrane domain of cytokine receptor to Tec lead to constitutive activation and membrane localization, in the absence of PI3K activation (Li et al., 1997a; Yoshida et al., 2000) . Third, the importance of unfolding the PH domain during activation is underscored by the ®nding that deletion of the PH domain leads to constitutive activation of Etk/Bmx in either prostate or lung epithelial cells (Qiu et al., 1998b; Wen et al., 1999) . This kinase, which is not localized to membrane and may not be as fully functional as the activated wildtype, apparently can perform certain functions such as the activation of STATs and the consequential activation of Cyclin D1, which does not require membrane localization (Tsai et al., 2000; Wen et al., 1999) . If disruption of the intramolecular folding is a key step in the activation, molecules that have high anity toward the PH domain or the SH3 domain are expected to activate Btk family kinases. This is indeed the case for Gaq. PTPD1 and FAK. It is suggested that intramolecular folding begins with the interaction between the proline-rich motif in the TH domain and the SH3 domain (Andreotti et al., 1997) . In this regard, Etk/Bmx would be an exception as it does not contain extensive proline-rich motif and thus, if intramolecular folding exists for this molecule, there must be other types of interactions.
Downstream signal
Given the multi-modular structure of the Btk family kinases and the multitude of signaling molecules that can interact with them, it is to be expected that these kinases impact multiple signal pathways and generate pleiotropic eects. Figure 3 summarizes some of the signals emanating from Btk family of kinases. The most well-studied downstream signal is perhaps the PLCg2 and PKCbI, with concomitant induction of sustained calcium in¯ux (Scharenberg and Kinet, 1998) and eventual MAPK/JNK activation (Jiang et al., 1998; Kawakami et al., 1997 Kawakami et al., , 1998 Schaeer et al., 1999) . The interaction with vav can potentially activate the rac/cdc42/Rho pathways which also lead to JNK and p38MAPK activation, and SRF activation (Mao et al., 1998) . The involvement of Tec in the activation of PI3K and Akt has also been reported (Craxton et al., 1999) . Activation of AKT leads to the activation of transcriptional factor Forkhead and NFkB (Brunet et al., 1999; Kane et al., 1999) . Thus, the Btk family kinases have potentials to activate all the major signal pathways. The transcriptional factors that can potentially be activated range from AP-1, NFkB to Forkhead and SRF. In addition, STAT3 is shown to directly associate with Etk/Bmx and Btk (Tsai et al., 2000; Uckun, 1998; Wen et al., 1999) . In the case of Etk/Bmx, this association leads to phosphorylation and activation of STAT3. Similarly, STAT1 and 5 are also activated by Etk/Bmx, with the concomitant activation of the target gene Cyclin D. Based on our current understanding of how STATs are activated, one presumes that Etk/Bmx phosphorylates STATs in the cytoplasm, resulting in the translocation of STATs dimer into the nucleus where they act as transcriptional factors. Interestingly, in a similar manner, a basic transcriptional factor TFII-I is activated by Btk (Novina et al., 1999) .
Aside from the various transcriptional activations in the nucleus to reprogram the gene expression, the signals of Btk family of kinases also have profound eects on cytoskeletal reorganization and cell motility. As described above, the Btk family kinases have the potential to activate rac, cdc42 and rho A. Furthermore, through the conserved basic residues at the N-terminus, the Btk family kinases bind speci®cally to F-actin (Yao et al., 1999) and are postulated to participate in actin-bundle formation. Treatment of cells with thrombin, which activates Ga12 and Btk, leads translocation of Rho and induces actin reorganization. Recent work further showed that Etk/Bmx, in response to ®bronectin and integrin, is relocated to membrane ruing together with FAK (Chen et al., submitted). In addition, in DT-40 cells lacking Btk, the actin pattern as well as Figure 2 A two-step model of the activation of Btk family kinases the ability of actin to aggregate dier from that in the wild-type cells (Nore et al., 2000) . These observations suggest that Btk family kinases are involved in cytoskeletal reorganization and cell movement, and their aberrant activation may be related to metastasis of cancer cells. This is consistent with the observations that B-cells lacking Btk (derived from Xid mice, targeted knock-out mice or patients of Brutons' Syndrome) fail to migrate, so are the cells derived from Wiskott-Aldrich Syndrome, of which the target gene is WASP, a cellular factor interacting with Btk (Cory et al., 1996) .
Biological consequences
The overall consequences of the various signals transmitted by the Btk family kinases are varied including growth, dierentiation and apoptosis (for a general discussion, see Hsueh and Scheuermann, 2000) . The involvement of Btk in growth, dierentiation and development has long been recognized in Xid and XLA cells, as the de®ciency of Btk leads to the failure of B-cells to proliferate upon antigen stimulation and subsequent maturation. The ability of Btk to complement a weakly oncogenic Src in the transformation of ®broblasts and the observation that Etk/Bmx is the key eector of Src in the transformation of hepatocytes and ®broblasts suggest their participation in anchorage-independent growth (Li et al., 1997b; Tsai et al., 2000) . The role of Etk/Bmx in the neuroendocrine dierentiation of prostate cancer cells has also been documented using a dominantnegative mutant of Etk/Bmx (Qiu et al., 1998b) . There is also signi®cant evidence implicating the Btk family kinases in the apoptosis pathway, paradoxically both anti-apoptotic and pro-apoptotic. The Bcells lacking Btk are prone to apoptosis, suggesting that Btk serves a protective role. Overexpression of Btk was shown to inhibit Fas mediated apoptosis (Uckun, 1998) , while overexpression of Etk/Bmx protects prostate cancer cells from ionization and Thapsigargen induced cell death (Xue et al., 1999) . These are some of the examples in support of an anti-apoptotic role of Btk family kinases. The protective role of Btk family kinases could be due to their ability to activate Akt and NF-kB (Bajpai et al., 2000; Kitaura et al., 2000; Petro et al., 2000) . On the other hand, it was reported that DT-40 lacking both alleles of Btk became resistant to UV induced apoptosis (Uckun et al., 1996) . The failure to establish stable Btk clones was attributed to its potential to induce apoptosis via the activation of p38MAPK . Moreover, overexpression Etk/Bmx in mast cells and Btk in B-cells counteract respectively the anti-apoptotic eect of GM-CSF (Ekman et al., 2000) and IL6 (Uckun, 1998) . How can BTK family kinases be both proand anti-apoptosis? This question actually is not dicult to answer, considering the multitude of signals the Btk family kinases transmits, some proapoptotic (e.g., p38MAPK) and other anti-apoptotic (e.g., Akt and NF-kB). Depending on the balance of these signals, the overall consequence can be either pro-or anti-apoptotic. Another plausible mechanism is that the kinase, through post-translational modi®cation, may exist in two forms, one pro-apoptotic and one anti-apoptotic. For instance, it was found that Etk/Bmx has a caspase-3 cleavage site at the SH3 domain, and can be cleaved into a protein which contains only the SH2 and kinase domain (CY Huang and YM Wu personal communication). It is conceivable that the wild-type functions to protect the cells from apoptosis by activating Akt, whereas the truncated form may be engaged in apoptosis pathway. In either case, accumulating evidence suggests that the Btk family kinases are intimately involved in the interaction with the cellular apoptotic machinery and might serve as an apoptosis switch. 
Concluding remarks
Non-receptor tyrosine kinases can be grouped into ®ve major families: Src, Jak, Abl, Syk, Fak and Btk (see other this issue). Increasing evidence suggests that these kinases serve multiple roles in diversifying and amplifying the signals emanating from receptors located on the cell surface. They do so by crosstalk with the receptors as well as non-receptor tyrosine kinases. The Btk family kinases represent a prime example. By virtue of having at least four protein ± protein interaction domains, these kinases are endowed with an exceptional ability to interact and to form signal complexes. We know, based on the data reviewed here, that the Btk family kinases transmit signals from all known classes of cell surface receptors including those of growth factors, cytokines, antigens, and G-protein coupled, and interact with all known families of non-receptor tyrosine kinases except Abl. They also transduce signals stemmed from cell attachment (®bronectin/integrins) and oxidative stress. As such, the Btk family kinases may play signi®cant roles in modulating cellular responses and behavior. It therefore comes as no surprise that Btk family kinases are involved in multiple cellular processes including cell proliferation, apoptosis, dierentiation and migration. As illustrated in this review, there are numerous cellular factors that can potentially interact with this family of kinases. Yet, in a given cell and in a given cellular compartment, there must be some rules governing the speci®city of the association. The challenge in the future is to identify the signal complexes and to de®ne precisely the biochemical nature of these complexes. In parallel, a genetic approach needs to be taken to identify functionally relevant components. Numerous studies have already taken advantage of cells devoid of the genes encoding Btk family of kinases and their interacting partners. Deletion of these kinases from the genome often causes severe cellular and organismal defects. The work from Witte and his colleagues elegantly illustrates this approach . These authors cleverly used a strain of mouse that have a low dose of the Btk to cross with mice that carry deletions in other signal molecules suspected to be important in the Btk signaling (e.g., lyn 7/7 , Gaq 7/7 , etc). These mice are powerful tools to assess the importance of the genetic interactions in Btk signaling in the in vivo setting. While these data are not always consistent with the data generated in vitro, pointing to the complexity of the in vivo context, they are valuable and necessary to provide further directions for investigations. Only by taking both genetic and biochemical approaches can one achieve a thorough understanding of the complex signaling network of Btk family of kinases.
